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ABSTRACT

Inténsity4vs—incident electron energy (I-vs-eV) curves are obtained for
thé (00)-, (11)-, and (20)-beams diffracted from the (100) surface of alumi-
num. The beam intensities, calculated using a t-matrix formalism, are sen-
sitive to small variations in the input parameters [number of phase shifts
and atomic layers, order of multiple scattering, Debye temperature, incident
beam angle, inner potential models and position of the surface atoms]. The
use of 1ow energy electfon diffraction for surface strﬁctute determination
depends on the sensitivity of the I-vs-eV curves to small variations of the

"surface geometry. The reliability of this method depends on the. lack of
sensitivity of these Calculated'curves to variations of the non-geometrical
input parameters consistent with our knowledge of the physical processes in-
volved.  We conclude that the two most sensitive input parameters are varia-
tions in the incident beam angle and small displacements of the surface layer
ﬁerpendicular to the surface. The inclusion of three layers parallel to the
surfacé and five phase shifts are sufficient to obtain reliable calculated

~I-vs-eV curves for the (100) face of aluminum. The use of a Debye temperature
for-thé-surface layer which is smaller than that of the bulk layers is shown
to attenuate the I-vs—-eV curves uniformly. Exélusive reliance on a peak posi-
tion or oﬁ relative peak intenéities appears to be unjustified due to unre-
solved ﬁncertainties in the models for the ion—cofe_potential and for the
electron self-energy correction. Displacemeht of the surface layer parallel
to the surface is shown to have the greatest effect on the shape of tﬁe non

(00)~beams intensity curves appearing in the direction of the displacement.
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Introduction

Eheearaging progress has beenAmade recently on the érdblem of crystal
”sﬁrface'etructure-analysis by low energy electron diffraction (LEED). |
Several theoretical approaches to the multiple scattering. problem have, :
led to the assembly of a variety of computer programs whose results have
appeared recently in the literature. Multiple scattering has been taken
.into aeeeunt by caiculations based on a band structure approachl 3, a t-
matrir‘approach4—6, and the layer KKR method7’8. -In addition, two pef-,
'turbatioh methods have been propesed to reduce the computer time reduite—
ments of the more exact methodsg-ll. It is the phrpoée of this paper to
'present the‘results of a detailea series of caiculations on several beams
diffractea from'ohe face of a metal singie crystair We examine the be-
havior.ef.the'diffraeted beam intensity peak positions and relative ampli~-
tudes ae a function of the incident electron energy while varying theAvalues
Aihof thehinéut parameters furnished to the‘computation. In this way we seek
to-determine.the sensitivity of LEED calculations to smail variatioﬁs in
the physical and geometricalvparameters supplied, and to determine the
,reliability of surface strgcture assignments obtained by this method. Ih
'vthia paper Qe report on LEED calculations made for the (100).shrfaee Qf
alumihum because of the relatively simple nature ef-thisvmetal for which
a number of calchlations have already been made employing a variety of

different approximat:l.ons7 »9s 10’

Calculations for the (110) and (111) sur-
faces are now in progress and will be reported later.
In section I, we describe the computer program we have developed and

its limitations. Section II contains a comparison of results obtained by



the inclusion of different numbers of energy'dependene phaee ehifte used
to characterize the ion-core potential of the metal; ‘In section III we
investigate tﬁe effect of performing the celepletion.incleding different
numbere'of layers parallel to the surface. In_seetion IV we shoﬁ.fesults.
of eafey1ng out the calculation to various orders Qf.mulgiple diffractioﬁ
and.investigate the;effeete of inciﬁdieg a layer.dependenf ﬁebye fempera—
.ture.. The sensitivity of the compﬁted_intensity.eerves to small-variations
in the incident beam angle hear normal ‘incidence is diecqssed in sectien
V.. Seetien A2t pfeeents“a diecussion of several'metﬁods for repreeenting.

' the'enefgyvdependence of the inner ppteptial and compares the results ob-
7tainedﬁfrem them. Finally, in'section VII we perferm a number of varie—

tions of the lattice geoﬁetty in order to test the sensitivity of the cele'

culated intensity curves to small displacements of the outermost lajer’ and .

_eomparisoﬁs are made with experimental results._“All calculations reported in
this faper are carried out for a lattice at redm‘tempefeture, T = 293 K.
Results of these caleulations show that a shrfate layer placed ae an
ihterlayer spacing edual'to»the bulk value:tO.l R‘yields LEED intensity
curQes in good agreement with experimental curves for the (000, (11, end
(20) beeﬁe ef the aluminum (100) serface. Uneerfainties in the valuee.qf-
‘the various input parameters presentiy limit our7ébiiity te.state that:
the su#face iayef spacing actually lies within these limits. At the.pfe—
sent stete of iEED calculations.it-is meaningfelbtevcompare qualieatiVely
'the.tﬁeefetical and expe;imehtal curves usinglboth peak position and ;

intensity information. Exceesive reliance on:either the peak positions or -
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the relative peak intensities exclusively appears to be unjustified in

the light of unresolved questions regarding the values of certain input

» parameters that must be supplied to the calculation. Surface layer dis-

placgménts of 0.2 & paraliel to the surface are shown to produce signifi-
cant'éhanges only in non-(00) beams whose obse;yed spotbpaftefn_is parallel
to the displacement; This directiqnal dependeﬁce qf fhe non-(00) beams
should'prove tb be an ;id in>establiéhing the hbrizontai placément of

surface atoms in overlayer systems 'and reconstructed surfaces.



I. Description of calculétion

- The computer ptograﬁ we have developed is based. on the‘t#matrixbap- T
proach fo the multiple sc#ttering problem as_formulgted by Beeby4, and ex-
tended by Duke 'andv'_I'ucker'5 to include_inelastic damping of the elec;roﬁ
beam;‘ The outgoing beams each correspond to a two dimensioﬁal reciprocal
lattice vectof g in the plane of the éurfacé; and we consider only thé
elastic case where E répresents the incident and emerging electron energy.

The nuﬁber of electrons scattered elasticallyvinto the beam labelled by E

is proportional to the scattering cross section,‘d(g,E),

0(§)E) - (z.n-hz)z l N (kf’~i’E) I > . v (1)
where
(21r-)2 i(lf k) il

Tollrkys®) - palh - E) . (2)

ke = Ky 8’2 R N

The vector éﬂ gives the position of the.qrigin in the Ath layer with
respect to the origin in the sufface layer. The incident and final éiec—
tron wavevectors are réspectively 51 ahd gf,rand'A is the area of the unit
cell in a plane parallel to the surface. The delta function, G(kf' ki g),
expresses the condition for the existence of diffraction beams. The com- '
ponent of the outgbiﬁg beam parallel to the.surface, Ef"; can differ.from the
- parallel component of ;hé iﬁcident beam, Ei;,'only.by one of the two dimen-

sional reciprocal lattice vectors, g, of the surface. TAvis the t-matrix for

scattéring of,an incident electron by the Ath layer in the presence of the
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other layers.
The quantity Tx(kf,ki;E) can be obtained in a convenient algebraic

form by means of a partial wave expansion using‘the conventional éphericél
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harmonics Ylm(k),‘where’k is a vector whose SPhericél componehté are the

angles 9 and ¢,

Im,1'm' _* .
T (kf’k E) 2 Z H® Y% el @
lm 1'm’ :

All_direétidnal.infofma;ion for the incidént and outgoing beams is con-
‘rtainéd'in the spherica; harmohics, and the matrix Til?éi'm' is a function
oniy of the gnérgy. Once thié’matrix is calcﬁlated; it is a simple matter
to repeat the:summation 1n eQuationv(Z) for all beams g of interest. It
‘is‘customary to replace the double index (lm) by a single index, (lm)-
.:'Using this notation, équation (2) can be written

o .2 - i(k,-k_)-d '
SZﬂ) * ~1 ~f7 ~ LL
Tglkeok 1’E) (kf.. k1, 7@ YL(lff)YL'(lfi);z "T\(E)

L,L'

‘The scattering problem now reduces to calculating the matrix TA%;;' The
: first éppthimatioh made 1s to terminate the summations over L and L',
Yielding‘aiyat;ix‘ofvfinite dimensions. Our computer pfbgfam'is éapable
, Bf handling up to 36x36 matrices, whiéh corresponds tb é maximum l-value
of 5.

. ‘ |
The matrix iL can then be obtained from the equations

"y e "e |H B
o LL' _ 2 : LL" E E ;:)\I'. L. L , where (5)
A . . ‘. .

T R



" UL NI "m L}
vXLL Z LZ LL LL’and , )

T
L" ' "
. _ 2 i 2§, (E) '
CLL' _ . S , .
ty = Ggﬂfdmo e =11 N )

Equation (7)~4S the t-matrix for the elastic scattering of an incident
electron of mass_n and wavevector E from a potential: characterized by:a
set of,energy dependent phase shifts § (E). The only conditions on the _
potential at this point are that it be spherically symmetrical and that

neighboring potentials not overlap. Duke and Laramore12 have shown that

- lattice motion can be taken into consideration at this point by renormal-

ization of the. site scattering vertices tl' The renormalized quantity

‘bk is:expressedv . :
Wy (kg=ky)

where W (k £ i) is the Debye-Waller factor for the Ath layer. If we use

LL'
A ‘is
1]

diagonal as was tALL . The effect of finite”temperature is thus to alter

the‘Debye,model for the-phonon spectrum, the resultant matrix b

the phase shiftsiol(E) appearing in equation (7§. This is done internally
in the computer program by expanding the exponential term in equation (8)
in spherical harmonics. Note that provision is made in equation (8) for

" a layer dependent Debye—Waller factor, Wx(gf-gi),
Returning to equation (6), the quantity TALL -represents the t-matrix

for scattering from a single plane A parallel to the surface. The matrix

ll "'
- Gzp - is the subplane propagator which is calculated by a summation over
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the site-positions in plane”}, In order to include non zero temperature
effects, the quantities biL described above'should be substituted for
LL' : LL'

the- ty Equation (5) completes the definition of TA , employing
ny e
iAP as the propagator matrix for scattering from 1ayer A to 1ayer A.
, .
Thus, T)‘LL is composed of the scattering of a. plane wave from the Ath

. '
layer, TiL » plus the'contributions from all possible interplane scattering

combinations ending on layer A.
The matrix equation (6) can be inverted to yield an exact expression
for Tk’é

P
T~ [tl_: Gsp]

-1 (9

eEquation (5) can bersinilarly inverted, but the'sumnation over the total
vnumber”of layers N# ) leads to a matrix of impractically large dimensions.

‘ In,practice, we truncate the calculation by considering only several of the

‘outermOSt-layers‘in the surface region. - Satisfactory results are obtained
by writing equation (5) as a perturbation eXpansion_and iterating until

the desired accuracy is obtained. Due to the inelastic damping factor
which appears in the expression for the interplane propagator AN this
convergence is rapid and reliable.

In. the following sections we will systematically vary severai of the
input parameters mentioned in the foregoing description of the computer‘
‘program. Among these are the number of‘phase-shifts used to characterize
the ion core site potential (maximum l—value), the number of outer crystal
layers included in the summation (A), the order of multiple scattering

considered in the iterative solution of equation (5), and the effect of a
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_ layé;.dependent Debye-Waller factor ﬁ(gf-k ). We perforﬁ all calculations
in the energy range between 40eV and 150eV. At lower energies the inﬁér
_potential changes rapidly, based on freé eléctron gas calculations, and
experimental difficulties can occur in determining the precise angle of
incidence of the electron beam due to small sﬁray magnétic fields. At
‘egergies in excess of 150 eV, a largerrnumber of.phase shifts (i;ax? 5)
must-be_employed to characterize the ion core poténfial. The penetration
_ depth'of_thé beam is approximately proportional~t§\7ﬁ, giving rise to -

increased sampling of the bulk sﬁructure at higher energies.




o

I1..  Ton-core potentials and energy dependent- phase shifts

Thefscattering potentialvat a lattice site is specified by a number

of pre—calculated; energy dependent'phase shifts'él(E). These phase shifts

may be obtained at present from self-consistent APW potentials14 or by
'the ab initio method of Pendryls. Apparently, the description of the
‘scattering process by these two methods is of sufficient accuracy to
yield qualitatively correct theoretical beam intensity—vs incident electron
energy (I—eV) curves. However, as closer agreement with experiments is
sought and'as surface'overlayers (especially molecular overlayers) are
investigated, it‘may be necessary to investigate these scattering poten-
tials in more detail.

- The first numerical results obtained by Duke and Tuck'er's"6

were based
on an s-wave approximation'to the scattering amplitudes. Since that time,
calculations for aluminum haﬁe appeared'utiliaing from three to eight phase
';shifts7{9’10’12’161n;figure (1) we plot the I-eV curve for the (100) face,
OO-beam of Aluminum. The plots are for normal incidence of the electron
'beam, with the sample temperature at 293 K (O (surf) O (bulk)=426 K).
Five surface layers have been included in the calculation.. Throughout this
‘paper we employ the ion—core potential obtained from a computer ‘program
supplied by Pendry17 .

Although no experimental results exist for normally incident OO—beams,
the curves thus obtained using 5 or 6 phase shifts bear a close qualitative
‘resemblance to experimental results whose incident beam impinges at 6

degrees from the normal. A direct comparison of the incident angle depen-

dence of the intensity patterns will be made in section V. From figure (1)
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.it is apparent that the I-vs-eV curves calculated using only the first
two.phase shifts are poor approximations to the'ohserved intensity pat-
terns. Eurthermore the intensity scale of the lower curves compared to
that of the upper curves,-in whichbthreeror more»phase shifts are included,
shows)that an almost insignificant portion.of the total scattering power.
arises from‘thevfirst two partial‘wavest. The upper set of curves in
figure (1) demonstrates.a remarkable qualitatiVepsimilarity.between all
curves which include more than two phase shifts. Tong and Rhodin have‘
pointed out the dominance of d-wave scattering for energies in excess of
' 24 eV9.' Equally striking, however, is the sharp decrease in scattered in-
tensity upon adding the.&=3 phase shift to the calculation. ‘Peak positions
are altered by up to 2 eV as each additional phase shift is included. The
two. most intense peaks (corresponding closely to the locations of single
scattering or kinematic peaks) appear to be most sensitive to this varia—
tion, whereas the two smaller multiple scattering peaks are more stable
with regard to peak location.

Theblow scattering.power of the,&=0 partial»Wave can be explained by
the (ZR+1) weighting factor that appears in each term of the expansion
for the scattering amplitude f(8), even though the magnitude of the phase
shift may be large. This feature will persist in all materials. The
fact that'inclusion of the R=1 phase shift also yields such a small scatter-
ing power is partially due to the (ngl) factor, and partially due to the
particular potential for Aluminum in which $ (E) passes through zero near

50 eV. In figure (1) we note that the intensity patterns stabilize when
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5 to 6‘phase shifté are included in'the'calculation. For this reason
~we choose to work with the first 5 phase shifts throughout this paper

whenever an accurate comparison to experimental results is sought.
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III. The effect of including various numbers of layers

parallel to the surface in the calculation.

Due to the large inel#stic damping parameter;vcorresponding to an
attenuation length of from 4 t§ 10 Ahgstroms5 within ;he crystal at low
electron enefgiés (EgZOOIeV), the major portionIOf the elastic LEED
scattering ariées from events in the outermbst layers 6f the sample. The
.computér.program has been constructed so that an A:Sitrary number of
layers'mayvbe ihcludedt_and the_results.for A1(100) are plotted in figures
(2) and (3). Ali these curves are calculated to tenth order diffraction
between tﬁe layers, which corresponds very ciosely‘tb an exact métrix
inversion process. |

In figure (2a) it is seen that broad peaks occur near the expected.
Bragg peak locationé_fbr the 2-layer calculation. Inélusion of a third
layer“spddenly brings out the secondary peak structure which does not

change significantly in amplitude as additional iayers are included in the

calculation. The same general features are observed when the Q=3 phase shift

is added (figure 2b). Peak positions shift slightiy QSI éV) with the .
addition of-éaéh layer. | : |

It shbqld'not be,surprising that the consideration of only thrée sur-
face layers should suffice to yield a LEED pattern comparable with a more
exact treatmeﬁt. The interlayer spacing for the.Aluminum (100) surfaée
is 2.02 A ahd the inelaétic'damping length is 6.4 A at 50 ev and 7.7 Z
at 100 éV-for a free electron gas whose density is the same as that of

the aluminum conduction electrons. ThuSﬁ‘the amplitude of an electron

.
il
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“scattered kinematically (the most favorable case) from the fourth layer

is diminished by a fécior of 0.15 to 0.2 @ompared to one scattered from
the surféée’layer. | | |

Iﬁ'éécﬁion VII we will consider non-(00) beams diffracted from the
sameicrysfélv8urfaée. In order to estﬁblish the réliaﬁility of the results
for theée‘beams we include a similar calculation for the (11),_and (20)

beams iﬁclﬁding 2, 3 and 4 layers (see figure (3a,b)). These beams are

: computed-fbr a normally incident beam on én'undistorted crystal using 5

phase shifts.

It is to be expected ;hat the addition of a third surface layer would
sharpeh the Bragg péaks.' This is shown for a kinematical calculation in
figure (4), in which no multiple scattering structu?e_can occur. It is
remarkable; however, that-the sécondary, or multiple scattering, structure
shown in figufes (Za;b) occufé'suddenly with the inclusion of the third
layer in fhe calculation. | |

The origin of the_part of the structure attributable to multiple scat-
tering éaﬁ be identified in the 3~layer model by performing the calculation
while eliminating interplane sca;tering betweenwéertain‘pairs of layers.
The results 6f-this proéédgre are shown in figure (5).. Curve (5a) is the
result of inclusion of interplane'scattering betweén each of the three
pairs of layers.__Cufves (5b) and (5¢) are the same calculation with the
elimination of scat;ering'between layers 1 and 3 (Sc),.and_the'elimination

of scattering between nearest neighbor layers (5b). The elimination of

nearest neighbor layer scattering'while retéining that between layers 1
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and 3 preserves the etruéturé of the secondary peak near 50.eV whereas
the reverse of this procedure does not. This behavior can only be attri-

buted to the detailed summation of phases and amplitudes from the scattering

by ion cores of one layer to a location on a different 1ayer and will depend

on the ion core potential as well as on the layer geometry»and»interlayer

separations.
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IV,'.Multiple'scattering order-and'temperature effects

Theviterative method used to solve equation (5) has been outlined 'f
in Section I. We can use the same method to invert equation (6) provided ‘
the scatterer is sufficiently weak18 This is the case for aluminum
there we have compared the iterative procedure to the exact matrix inversion
method. The iterative procedure is up to 20% faster in computer time and
-i generaiiy converges within ten'iterations to a value of'AﬁlO—S, where
2 ; ' 2 i

o

|-t
inverted = iterated

vv%z:z:{ru" Y;(-l«‘f.) YI,V'in)‘.} .
L L" '

" In figure (6) we plot results for the (100) face and 0O-beam of alumi-

and

Vnumiin'vhich different interpiane diffractionforders are calculated. 'The'
"matrix-inversion" results'are obtained hy'alloVing-the calculation to
iterate‘tohtenth order in multiple scattering between planes. In all cases,
'the percentage difference between thevninth and tenth order iterations
for:the beam intensities is less than OtBZ. Comparison of the curves inv
- figure (6)'indicates'that third order diffraction yields reSuits‘thatvare
very close to those obtained from "matrix inversion » differing by a maxi-
mum of 10% at higher energies.

The elastic force constants between the outermost surface layer and
‘the bulk can be different from those between-two bulk layers. As a result,
the Debye temperature assigned to the surface layer may. be quite different

from the bulk value. For this reason we have calculated energy-vs—intensity
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curves employing a surface Debye temperature @ 300° K and bulk value

~bulk

of O 426° K, and compared the results to a calculation involving a

'single O = @bU1k

. In this paper all calculations are carried out for a
crystal sample at room temperature, T = 293 K The results are given in
figure_(7) for the (100)-face,- Ofbeam of-aluminum. Ihe peak.intensities

fare uniformly diminished due to the larger average thermal.displacement

of the outermost layer, but no shifts in peak positions are observed. At
the present stage of theoretical ‘accuracy there is no reason to include.

: layer dependent Debye temperatures when- working with a clean metal crystal

as the intensity ratios and the qualitative appearance of the patterns

esurf

change only slightly. Separate surface values of should be included

_in the calculation of intensity curves from metals covered by overlayers

of different materials since the Debye temperatures may differ significantly

and the effect of this difference may vary between integral and fractional

order peaks. B
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‘_:V.' Sensitivity of calculations to the incident beam angle

vItvis(advantageous from an experimental point of view to carry out
intensity'ﬁeasurements with.the incident electron beam normal to the crys-
talﬁsurface. Symmetrical non-00 beams can bevéompared in order to deter-
mine ﬁo?mal'incidence to a high degree of accuracy. This procedure is
desirable since small stray magnetic fields may cause the true normal di-
 rection to be different from the geometrical normal, especially at low in-
cident electron energies. Due to the familiar geometry of the LEED appar-
.- atus, the OO—beam cannqt‘be measured at precisely normal incidence. Com~
mon practice, as reported in the literature, is to allow the incident beam
” to strike the surface at an angle of 5 to 10 degrees from the normal;?’zo.
The effects on the intensity pattern are shown‘in”figure (8) for variation
of the incident angle between zero and 10 degrees.

Tﬁe peék intensities,'espeéially of the high energy peaks, are éigni-
ficantiy altered by a change in the angle of incidence of a few degrees.
Measurements of the non-(00) beams may thus provide more accurate surface
structure information than the 00-beam since normal incidence can be

. achieved experimentally to high acéuracy.
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VI. Inner potential and inelastic damping factor

Mahy body‘intefactions between the incident electron and thé‘elecfrons
of the solid give rise to a complex self-energy, 2(}3,E)= Zl(lf,E)-i XZ(E,E),
where E and E are the asymptoticrenergy and‘prOpégétion vector of the inci-~
dent electron far outside the crystal. The real part of Z(lf,E) represents
thg "iﬂner potential” familiar in LEED studies, and the imaginary part
gi?es‘fiée to inelastic damping of the incident beam. There exists as yet
Vno calculation for 'Zv(lj,E) involving a feali'stic crystal lattice. 1In the
absence of such a calculation, three kinds of approximations have found
frequent usé:

f_l) vConstant elastic eiectrqn mean free path. The real part of the self
energy,.zl(E), is assigned a constant value equal to the energy difference
between the APW muffin tin zero and the vacuum leve%2 . The-imaginary part
of the self energy, ZZ(E), is an energy dependent_ function obtained by
assuming the elastic electron mean free path to be a constant over the
LEED ene;gy range. This constant is assigned a Vaiue that yields peak v
widths_in‘accdrd with experimental observations. Laramore and Duke12>use
this method and obtain |

| 2 1/2 , o
Z,@® = -(;}—)(3% [E -3, ) . (10)
o ee h . Lo _ '

- where )‘ee is twice the electron mean free pat_:h“. This mean free path yields.

acceptable peak widths in LEED calculations for values of _Ze_g from 4 to 10

Angstroms.
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2) fhe optical model potential. In this model thevcompiex self energy
Z(E‘,E) is taken to be independent of k and E7. The real part, El(lj,E),
is either assigned the value of the APW muffin tin zero, or determined
empirically by shifting the calculated intensity pattern to achieve a

best fit to experiment. The -imeginary part ZZ(E’E) is assigned a constant
velue;eouel tovthnt derived from a many body calculation:of a free electron
gas whoee:density is equal to the conduction band electron density of the
solid;_‘The'inelastic damping iength Aeevaries eiowly with energy and is in
the 4A.to'8A'range.£or incident electron energies in the LEED range for

typical metals.

3) The free‘eieCtron ges self‘energy, A compntetion-has been_performed
.b& Lundqvist2;7in which the energy'dependent real and imaginary parts of X
are oalcnlated'for a uniformveleotron gas. ‘Tbié approach has been used by
Tong and Rhodin9 to calculate aluminum (100) intensity patterns.. It is
not presently known how closely the free electron gas model approximates
the self energy of a real crystal, but it has proned usefulsas a model for
that_problem.

' Caicnlations evailable in the literature have used tbe APW potential
of Snow14”with the'opticel model self energy,.or the Pendry potentialls‘.
with the free electron gas self energy. Either approach yields calculated
intensity curves in acceptable qualitative agreement with experiment. In
order to obtain better quantitative agreement it is instructive to compare

. the results of both approximations to the self energy with the same crystal

potential. The results of doing this are plotted in figure (9) for aluminum,
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'usihg'Pendry's potential including 5 phase sﬁifts.

The two approximations do not necessarily repfesent extremes between
which thé,results for a real crystal must lié, but fhey do provide an upper
limit on the confidence we are justified in piaciﬁg‘in a given calculation.
_Until_convincing reasons can be put forth for using a specific forﬁ fqr
the éhergy dependence of the self energy in,a.reai crystal, we afeffdrced
. to regard skepticaily claims that peak %ositions can be calculated to an

accuracy of less than 3 eV.
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VII. Sensitivity of calculations

to changes in the position of the surface layer

The foregoing sections have been devoted to a'methodical consideration |
of the computational errors that can be introduced into a LEED calculation
with the variation of the numerous input parameters. These parameters fall
into two-general types. The first type are those parameters which cause
the truncation of the calculation at a specified level of accuracy. A
compromise must be made between increasing accuracy and rapidly increasing
'computer‘timevand memory requirements. .Three such parameters are the number
of phase shifts used tolcharacterize the ion core potential, the number_of
layers over which the'lattice.summation is'made, and.the order of multiple

vscattering‘inyolved. It is necessary‘to'establish_the probable accuracy

of a calculation truncated in:variouszmanners in‘order tovobtain an optimal
se;-of:parameters'that yield results within acceptable error limits. In |
previous!sections of-thisypaper we have shown that for thei(lOO) surfacelof
aluminum acceptable peak positions and amplitudes can be obtained by including

5 phase shifts, three layers parallel to the surface and nine or more iterations
in the multiple scattering summation.

‘The second type of‘parameter involved reflects our lack of detailed
knowledge of the system. Phase shifts characterizing the ion core scatter-
ing can he calculated from a variety of approximations, each'involving a
different set of physical-assumptions. It is.necessary to learn which sets
of assumptions lead to results that are sufficiently accurate for the purpose

of surface ‘structure analysis. The Pendry ion core potential 15 and the pr_
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14 yield qualitatively correct LEED structure curves

potential éf Snbﬁ
whéfeés an.atomic potential does not. A comparison will be made in figure
(10c). Another such paraﬁeter'is the layer dependence of the Debye tem-
perature discuesed in section v.
v'Oncé this has been #ccomplished,_we can turn to the centrgl problem
of surface structure calculationé; namely, the sensitivity of computed in-
tensity'patterns to variafiohs in the surface geometry. We have used the
non recdnstructed (100) face of aluminum to illustrate the effects of
v lateral ana’perpendicular displacement of the outermost crystal layer.
The'gffecf of varying the outer layer spacing +27% ftdm the bulk value
1s plotted in figure (10a) in which the inner potential is taken as é,cdn-
Vstanﬁ throughout the energy range andvdetermined by shifting the resulting
#urves toiobﬁain a best fit to the experimental curve. The same results
are plqtcedvin figure (10b)busing the Lundqvist free electron gas self
enérgy approximationZl. fhé theoretical curves in the latter case are
shifted by the aluminum (100) work function of 4.2 eV22. For further com-
parisou, ﬁhe results of a sécond order perturbation’calculation of Tong
and_Rhoding,‘aﬁd that of Jepsen, Marcﬁs and Jona7 using Snow's APW potential
_with 8 phase shifts are plotted in figure (10c). The resuits of a calculation
using the atomié‘phase sﬁifts of Fink and Yateszs_are also included. |
.‘Exémination of figures (10a) and (10b) show that a change.of +2%
in.the perpendicular'laYer spacing of the outérﬁost-layer is sufficiént to
~shift the peaks frbﬁ 1 to 4 eV. The talculations,are not sufficiently un-

ambiguous, however, to allow us to state with certainty a value for the outer
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layer spacing from an analysis 6f'the 00-beam aioﬁe. This is tfue_for
three reasogé;.first, it is not ceffain how accurately the Pendry ion

“core phase shiftsvapproximafe the actual ion core scattering in a solid.

It is cléa¥'that the'Pendfy calculation and those using APW potentials

give good qualitative results that are not obtainable from a éimple atéﬁié
_potentiél, figure'(IOc), but tﬁe quantitative accuracy ofithe resulting
peak poéitions is not known. Secoﬁdly, use of two different models for

the 1ﬁner,pqténtia1 (see section VI ) has been seeﬁvfo cause an uhcertainty
in peakvpositions.by up to 3 ev. Thirdly, the.calculated iﬂtenéity curves
have.beeh Shoﬁn to be quite sensitive to the incident'éngle ® (section V),
and at'non—hérmal.beamvincidence the peak intensities and poéitions can

be considérably altered by an error of A@=12°,

The'fhird of these SOurées of error can beleliminated by working'at
normal incidencé'with'hon spé;ular beamsf ResuitS'are piotted'in figures
(11) and"(lé) for the 11-beam énd‘the 20-béam.:'Dué to the shifts of several
eV between the free electroﬁ gas energy renorﬁalization and that of the ”
optical model poténtial (see section VI) we have élotﬁed beam inteﬁsity curves
using both appgoxiﬁations, and have included the e*perimentalAcurves‘for
comparison. For both beamﬁ considered, the qualitativeAagreement between
theory and expériment is good for a surface la&er haﬁing the same inter;
layer spaéing as in the bulk. Alterations in the.sﬁacing from +5% to ?2%
of the buik interla&er spacing cause shiftg in péék positions and amplitudes

and secondafy beaks may be transformed into shoulders or vice versa. Use

of the optical model potential with its constant value for the inner potential
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movesjthe lcw energy péaks to a relatively higher energy than when the
' free electron gas self energy is employed. A somewhat better qualitati#e
vfit results from using a constant value for the self energylbut this is
achieved st the,enpense of adding another adjustable parameter. In sum-
mary, a surface layer spaced within ~5% of the bulk interlayer spacing
'yields an acceptable LEED intensity pattern for both the 11- and 20-beams
on the (100) surface of aluminum. | |

If the surface iayer were to be displaced slightly in a direction
parsllel to.the surface it would be expected to cause a change in some
‘,pt all of the LEED beam intensity curves. Such a change shows up in the
calculation in two places; first, the interplane propagator matrix of
equatien (5) is changed in a complicate& way since the horizontal spacings
‘between all atomic positions of the surface layer'with respectbto the hulk

i(k k ) dA appearing

layers are modified. Secondly, the phase factor e
in the summation of equation (2) may beiof importance 1f the small hori-
zontal displacement changes the argument in the exponentisl. For small
displacements, figures (13) and (14) demonstrate'that the effect of the
phase factor is nredominant. The displacement of the surface layer of

O 2 A in the x-direction causes little distortion of the 00~ and 1ll-beam

- LEED intensity patterns since the phase factor is either unchanged or very
slightly changed In the case of the 20-beam, however, the vector (kin ~f")

and AdA are collinear and the change in the phase factor causes a signifi-

cant alteration of the intensity curve. The sensitivity of certain non
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'~ 00-beams to small displacements in different directions parallel to the
- surface should be helpful in détérmining'the surface structure of over-

layers and the positions of atoms in reconstructed surfaces.
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FIGURE CAPTIONS

. Calculated 00-beam intensity—vs-incident electron energy for a

normally incident beam including the five outermost layers. The

_ lower’two curves are computed using;Pendry's ion-core potential

with one and two phase shifts. The upper curyes’arebcomputed in-

cluding three to six phase shifts. The. intensity scale of the

'lower curves 1s ten times that of the upper curves. The labelled

9 vaalues'refer to the largest angular momentum quantum number

Figure 2a.

. Figure 2b.

whose-nhase shift,GQ(E), appears in the summation.
SROE ) max S ,

Calculated 00-beam intensity-vs-incident electron energy for a

normally incident beam including the two to five outermost layers

in the computation. .Three phase shifts (9in 2) are used for

. all four curves. .

. Calculated OO-beam'intensity-vs#incident electron energyyfor a

. normally incident beam including the two to five outermost layers

~in thevcomputation.' Four phase shifts (igax = 3) are used for

all four curves. .

Calculated beam intensity for a normally incident beam as a

| function of incident electron energy, comparing results of in-

cluding 2 3 and 4 layers in the computation.‘ Five phase shifts

(Qma = 4) are used in these calculations. ‘a)vll—beam,,b) ZOebeam.



Figure'4a

'Figure 5.
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Single scattering (kinematic) intensity-vs.-incident electron

‘energy curves showing the increase in sharpness of the "Bragg"

.peaks as an increasing'number~o£ crystal-lafere_are included

in the calculation.

Three layer model of the crystalvsurface in whichJ a) all multi-

ple scattering i4s included, b) scattering between nearest neighé

o bor layers are eliminated, and c) scattering only between nearest

Figure 6.

'Figure 7.

.-neighbor layers are retained.

Intensity curves for the 00-beam as a function of incident elec- -
tron energy calculated with three layers and five phase shifts.

The single scattering (kinematic)vintensity curve is compared

‘to curves obtained from a dynamic calculation with doubie dif-

fractipn,.triple‘diffraction and the "matrix inversion" result.

" The effect of a surface. Debye temperature 6 = 300° K on the
‘OO—beam intensity curves is shown by the dashedand dotted lines. A to-

n tal of four layers is used, and the three underlying layers are as-

signed a bulk Debye temperature of- 6 = 426? K. Ihe solid curves

ﬂare‘calculated for comparison, with all four layers'assigned the
" bulk Debye temperature of 426° K. The two sets of curves include
results of calculations made with three and feur phase shifts at

'normal.incidence..




. Figure 8.

Figure 9.
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The effect of varying the incident beam angle from normal inci-

' dence (6= 0°) to 10° on the OO-beam I-vs-eV curves is plotted.

Five phase-shifts and three'layers‘have been included in the

calculations. The azimuthal angle is ¢=45°Awith’respect to the

x-axis. -

V,'Ihe'OO-beam I-vs-eV curves plotted here utilize the same Pendry

ion~core potential characterized by five phase shifts and three

surfacevlayers; The solid curve is plotted‘osing the real part

'-'of'the self-energy from Lundqvist's free'electron gas calcula-.

Figure_IOa.

7dtion, shifted by the work function of 4.2 eV. The dashed curve

"is the same calculation except that the realvpart of the self-

energy plus»the work function is an empirically'determined con-
stant value of 11 eV. These curves illustrate the uncertainty in

peak positionsvbetween these'two,models for'therinnerppotential.

The OO—beam intensity curve is calculated using five phase shifts

and three layers. A constant inner potential correction is deter-

-mined by shifting the curves until a best fit to the experimental

data is achieved. The outer layer spacing is contracted and ex-

' panded 2/ of the bulk spacing.

Figure 10b..

I-vs—eV curves obtained from the same calculations are plotted

”fusing the Lundqvist free electron gas approximation for the

finner potential. These curves are plotted with a 6 2 eV work

function correction and no empirical fit is made to the experi-

\

_mental results.



Figure 10c.

Figure 11.
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The experimental I-vs-eV curves for the 00-beam are compared

' with those obtained by various computations. The incident beam

angles,_e and ¢, are indicated for each calculation.

Effect of varying the interplane Spacing of the surface layer.

The ll-beam inteneity is calculated using ‘the Lundqvist free

' electron ‘gas. approximation for the inner potential ‘(curves B),.

"~ and using an empirically determined consgtant value for the inner

. potential (curves C). These calculations are compared to the .

experimental result of Jona (curve A)."Variations in the sur—

liface layer separation are expressed in percent of the bulk inter-

o layer spacing (2. 02 A)

‘Figure 12.i.

The 20—beam intensity”is calculated'using‘the Lundqvist free

electron gas approximation for the inner potential (curves B)

"and using an empirically determined constant value for ‘the inner

potential (curves C). These calculations are compared to the

experimental result of Jona (curve A) Variations in the sur-

face layer separation are expresaed in percent of the bulk inter-

B layer spacing (2.02 A)

: Figure 13.

‘The effect of a horizontal displacement of the surface layer by
0. 2 A in the xvdirection on the I-vs- eV curve for the (00) beam _

1is plotted as the dashed curve. The solid curve represents the

. calculation for the undistorted crystal. Four phase shifts and

three cryatal layers are included. |
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vFigure‘14,” ;The effects of a horizontal displacement of the surface lajer
by 0.2 A in the x—direction is plotted as a dashed curve for

the 11- and 20-beams The solid curve represents the calcula-

 tion for the undistorted crystal. Four phase shifts and three

crystal layers are included.
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